Background: Stability of chemical speciation during sample handling and storage is a prerequisite to obtaining reliable results of trace element speciation analysis. There is no comprehensive information on the stability of common arsenic species, such as inorganic arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid, dimethylarsinic acid, and arsenobetaine, in human urine. Methods: We compared the effects of the following storage conditions on the stability of these arsenic species: temperature (25, 4, and ؊20°C), storage time (1, 2, 4, and 8 months), and the use of additives (HCl, sodium azide, benzoic acid, benzyltrimethylammonium chloride, and cetylpyridinium chloride). HPLC with both inductively coupled plasma mass spectrometry and hydride generation atomic fluorescence detection techniques were used for the speciation of arsenic. Results: We found that all five of the arsenic species were stable for up to 2 months when urine samples were stored at 4 and ؊20°C without any additives. For longer period of storage (4 and 8 months), the stability of arsenic species was dependent on urine matrices. Whereas the arsenic speciation in some urine samples was stable for the entire 8 months at both 4 and ؊20°C, other urine samples stored under identical conditions showed substantial changes in the concentration of As(III), As(V), monomethylarsonic acid, and dimethylarsinic acid. The use of additives did not improve the
Chronic exposure to inorganic arsenic compounds is a major concern in many parts of the world, including India, Bangladesh, China, Argentina, New Mexico, and Chile because of the high cancer risk and neurologic implications associated with the ingestion of increased amounts of arsenic (1, 2 ) . Much research has been aimed at providing a better dose-response relationship for health risk assessment from exposure to small amounts of arsenic. In this connection, chemical speciation of arsenic plays an important role in understanding human health effects and arsenic metabolism.
Urinary excretion of arsenic metabolites is the primary pathway for the elimination of arsenic from human body (3) (4) (5) . Determination of arsenic in urine is commonly used as a measure of recent exposure to arsenic. Most of the inorganic arsenic, As(III) and As(V), is metabolized to dimethylarsinic acid (DMA) 4 and monomethylarsonic acid (MMA) before excretion into the urine. The proportion of these arsenic species in urine is typically 60 -80% DMA, 10 -20% MMA, and 10 -20% inorganic arsenic (5) (6) (7) (8) in individuals who do not eat food of marine origin, such as fish, shellfish, and algae. Most populations have other arsenic species in their urine, which is assumed to be arsenobetaine (AsB) that is present as a result of eating food of marine origin. Because the relative acute toxicity of these arsenic compounds decreases from inorganic arsenite and arsenate (LD 50 , 10 -20 mg/kg) to MMA (LD 50 , 700-1600 mg/kg) and DMA (LD 50 , 700-2600 mg/ kg), it has been suggested that the methylation of arsenic in the body is a natural detoxification pathway (9 -11 ) . More recent research argues that although the acute toxicity is decreased by methylation, the genotoxic effects of these arsenic compounds are not well understood and may not follow the same decreasing order. Several studies have suggested that DMA may be more harmful than the parent inorganic arsenic compounds (12) (13) (14) (15) (16) (17) . It is possible that arsenic methylation can alter the methylation of DNA (18, 19 ) because the methylation of both arsenic and DNA requires the same methyl donor, S-adenosylmethionine.
Although the effect of arsenic methylation on the genotoxicity of arsenic species is not clear, the relative concentrations of the methylated arsenic metabolites in the excreted urine have been used to compare methylation capacity between individuals and between populations (20 -33 ) . For example, a much lower portion (2.2%) of urinary MMA was found in native Andean women (34 ) compared with 10 -20% of urinary MMA in other populations. In another study of a population in northern Argentina, children were found to have a substantially higher percentage of inorganic arsenic (50%) in their urine samples than the women (32%) (35 ) .
A crucial requirement for obtaining relative concentration of these arsenic species is maintaining the concentration of the original chemical species in the sample before analysis. This is a special requirement for speciation analysis. For determining total element concentrations, the main considerations for sample collection and storage are to prevent contamination and to minimize loss of trace amounts of analytes. Polyethylene containers usually are preferred to glass containers because the former is less adsorptive for arsenic (36 ) . Traditionally, samples are acidified to reduce potential adsorption of trace elements onto the sample container surface. Little consideration has been given to the stability of chemical forms of the element.
In the case of speciation analysis, obtaining reliable information requires the concentration of individual species of the element to be unchanged by sample handling and treatment. Many of the urinary arsenic speciation studies involved the collection of urine samples from populations in remote areas, often in a foreign country. Urine samples were then shipped to a laboratory several days later for arsenic speciation analysis. Various sampling and storage protocols have been reported in the literature, including acidification, centrifugation, refrigeration, and freezing. However, little is known about how these procedures affect the concentration of individual arsenic species. Larsen et al. (37 ) observed that the concentrations of DMA, MMA, and AsB were relatively constant. However rapid oxidation of As(III) to As(V) was observed. Palacios et al. (38 ) found that As(V), MMA, DMA, and AsB (200 g/L each) in urine were stable for the entire testing period of 67 days at 4°C.
The present study provides a systematic investigation into the stability of arsenic speciation in urine. Sample storage conditions, including temperature, duration, acidification, and the use of additives, on the stability of arsenic species are examined. The results provide the basis for designing appropriate urine sample storage conditions that are suitable for arsenic speciation analysis. (39 ) . Stock solutions (1000 mg As/L) of these arsenicals were prepared by dissolving appropriate amounts of the corresponding arsenic compounds in 0.01 mol/L HCl, and calibrators were prepared by serial dilution with deionized water. Concentrations of arsenic in sodium arsenate, sodium cacodylate, sodium monomethylarsonate, and AsB solutions were standardized against the atomic absorption arsenic standard solution using both inductively coupled plasma mass spectrometry (ICPMS) and flame atomic absorption spectrometry analyses.
Materials and Methods reagents and standards
The reagents used in HPLC mobile phases, including tetrabutylammonium hydroxide, malonic acid, NaH 2 PO 4 , and Na 2 HPO 4 , were obtained from Aldrich. HPLC-grade methanol was from Fisher. These mobile phase solutions were prepared in deionized water and filtered through a 0.2 m membrane before use. Sodium borohydride (Aldrich) solutions (30 g/L) in 0.1 mol/L sodium hydroxide (Fisher) were prepared fresh daily. All reagents used were of analytical grade or better.
A stock solution (0.4 mol/L) of benzoic acid (BDH) was prepared by dissolving an appropriate amount of solid benzoic acid in methanol (HPLC grade; Fisher). Stock solutions of sodium azide (MC&B), benzyltrimethylammonium chloride (Hexcel), and cetylpyridinium chloride (BDH) were prepared by dissolving appropriate amounts of these reagents in water. HCl (37%; Fisher), formic acid (BDH), sodium hydroxide (BDH), and ammonia (BDH) were used for the pH adjustment. bottles containing increased concentrations of toxic metals. In the other two bottles containing normal concentrations of toxic metals, the concentration of arsenic is not certified and a reference value of 60 g/L has been provided. No arsenic speciation information was given for the SRM.
Human urine standard (lot nos. 43181 and 43182) was obtained from Quantimetrix Corp. It is a ready-to-use liquid and is prepared from human urine. Sodium azide is present in the urine as a preservative. This is referred to as "standard urine" in the present study. It is used as a urine matrix and supplemented with arsenic calibrators before storage studies to examine the stability of solution of arsenic species in this urine matrix.
First morning urine specimens from a female and a male volunteer were collected and were also used in the stability study. These specimens are referred to as "volunteer urine". The volunteers are healthy students who refrained from eating any seafood for 4 days before the collection of the urine specimens. Total arsenic concentrations in these urine specimens were Ͻ10 g/L. The volunteer urine was supplemented with known amounts of arsenic species before the stability of arsenic species over storage time was examined.
Several first morning specimens were also obtained from a study population in Utah (40 ) . The arsenic concentration in the drinking water of this population ranged from 8 to 680 g/L. Arsenic concentrations in urine samples from those who ingested large amounts of arsenic from drinking water were higher than those from low-exposure populations. Four urine samples shown later in Fig. 6 contained the following arsenic concentrations: inorganic arsenite (3-12 g/L), DMA (7-120 g/L), MMA (4 -34 g/L), and inorganic arsenate (up to 5 g/L). Creatinine concentrations in these samples ranged from 0.7 to 2.9 g/L. No arsenic species were added into these samples. The original arsenic species present in the samples were monitored over time to examine the stability of arsenic species in representative urine samples. A Hamilton PRP X-anion-exchange column 100 (250 ϫ 4.1 mm) was used for separation, which was carried out at ambient temperature. The mobile phase contained 50 mmol/L H 2 PO 4 Ϫ /HPO 4 2Ϫ buffer (pH 6, adjusted with NH 4 OH), and its flow rate was 1.3 mL/min. ICPMS was used to monitor arsenic, m/z 75. The sample had been stored at 4°C for 2 months before HPLC-ICPMS analysis. (A), no preservative was added. The recovery was Ͼ95% for the arsenic species added into the urine sample. (B), HCl was added to the sample to a final concentration of 0.1 mol/L before sample storage. 
e a ND, below detection limit; Ϫ, not available or not determined. b HPLC-ICPMS method described in this report. c HPLC-HGAFS method described in this report. d The sum of As(III) and As(V). e Certified value given by the supplier (NIST).
sample storage experiments
One set of standard urine and volunteer urine samples were supplemented with arsenite, arsenate, MMA, and DMA (50 g/L as arsenic). Another set of standard urine and volunteer urine samples were supplemented with AsB (50 g/L as arsenic). Replicate aliquots of these samples were placed in separate polyethylene bottles. They were stored in the dark for up to 8 months at three temperature conditions to simulate field sampling situations: Ϫ20°C (freezer), 4°C (cool box or refrigerator), and 25°C (room temperature). After a desired storage time (1, 2, 4, and 8 months), aliquots of the samples were subjected to HPLC/ICPMS analyses. Samples stored at Ϫ20°C were thawed at room temperature before analysis. All samples were filtered through 0.2 m membrane filters before injection onto the HPLC column for analysis.
To study the effect of acidification on arsenic stability, appropriate volumes of HCl was added to a set of standard urine and volunteer urine samples to make the final HCl concentration of 0.1 mol/L. The samples were supplemented with the same arsenic species and stored under the conditions stated above. Another set of standard urine and volunteer urine samples were tested for the effect of other possible preservatives. Sodium azide, benzoic acid, benzyltrimethylammonium chloride, and cetylpyridinium chloride were added to separate urine samples to make the final concentration in the sample 0.01 mol/L. The samples were supplemented with the same arsenic species and stored under the conditions stated above.
The urine samples from the Utah population were stored at Ϫ20°C without any additives. Most of the samples contained all four arsenic species, and therefore, no arsenic was added into these samples.
hplc separation with icpms detection HPLC separation with ICPMS detection was used for arsenic speciation (5, 41, 42 ) . The system consisted of a Waters Model 510 solvent delivery pump, a Waters U6K injector, and an appropriate column. Separation of As(III), DMA, MMA, and As(V) species was carried out on a strong anion-exchange column with 30 mmol/L phosphate as the mobile phase (pH 6.0). The pH was adjusted with ammonia, purged with helium, and filtered through a 0.2 m membrane filter. The HPLC effluent was directly introduced to a DeGalan nebulizer of the ICPMS system (PlasmaQuad 2 Turbo Plus; VG Elemental; Fisons Instrument) via a PTFE tube (20 cm ϫ 0.4 mm) and appropriate fittings. The time-resolved analysis mode was used to monitor multiple ions. Signal intensity (cps) at m/z 75 was monitored for the quantification of arsenic. Signal intensity at m/z 77 was also monitored and used to correct for interference from 40 Ar 37 Cl ϩ . Cation-exchange chromatography with ICPMS detection was used for the determination of AsB. A Supelcosil LC-SCX column (4.6 mm ϫ 250 mm, 5 m particle size; Supelco) with 20 mmol/L pyridine (Fisher) as the mobile phase was used for the separation. The pH of the mobile phase was adjusted to 2.7 with formic acid (BDH).
hplc separation with hydride generation atomic fluorescence spectrometry (hgafs) detection
The second method of quantifying arsenic species was based on ion-pair chromatographic separation with hydride generation atomic fluorescence detection as described previously (43, 44 ) . The HPLC system consisted of a Gilson Model 370 pump with a 5 mL/min stainless steel pump head, a Rheodyne six-port sample injector (Model 7725i) with a 20-L sample loop, and a reversed-phase C 18 column (ODS-3, 150 mm ϫ 4.6 mm, 3-m particle size; Phenomenex).
For HPLC column temperature control, the separation column was mounted inside a column heater (Model CH-30; Eppendorf) that was controlled by a temperature controller (Model TC-50; Eppendorf). The mobile phase was preheated to the temperature of the column by a 50-cm precolumn coil of stainless steel capillary tubing, which was also placed inside the column heater. The temperature controller, according to the manufacturer, provides a Ϯ 0.1°C temperature stability and Ϯ 1°C accuracy. The temperature of the column was maintained at either 30 or 50°C.
A solution (pH 5.8) containing 5 mmol/L tetrabutylammonium hydroxide, 4 mmol/L malonic acid, and 50 mL/L methanol, was used as the HPLC mobile phase at a flow rate of 1.5 mL/min. Effluent from the HPLC column was mixed at two T-joints, with continuous flows of HCl (2 mol/L) and sodium borohydride (13 g/L). Any arsines generated were separated from liquid waste and carried by a continuous flow of argon to an atomic fluorescence detector (Excalibur 10.003; P.S. Analytical) for quantification.
A hydride generation atomic fluorescence spectrometer (model Excalibur 10.003; PS Analytical) was used as an HPLC detector. The atomic fluorescence detector consisted of an excitation source, an atom cell, fluorescence collection optics, a photomultiplier tube, and a data collection unit. A quartz tube with argon/hydrogen diffusion flame was used as the atom cell for atomization. An arsenic hollow cathode lamp was used for fluorescence excitation. Atomic fluorescence (193.7 nm) was collected at a right angle with respect to the excitation light, filtered with a multireflectance filter to reduce scattering and background noise, and detected with a solar blind photo multiplier tube.
A Pentium computer with Varian Star Workstation software and an ADC board was used to acquire and process signals from the atomic fluorescence detector. A Hewlett Packard 3390A integrator with both peak area and peak height measurement capability was also used to record chromatograms.
method comparison
The quantification of arsenic species in urine samples was compared between two laboratories, one using HPLC/ ICPMS methodology and the other using HPLC/HGAFS. Arsenic speciation analysis of the SRM urine, SRM 2670, by the two methods showed good agreement with the reference values as summarized in Table 1 . Variations in arsenic speciation obtained by others may in part be the result of differences in sample storage and treatment.
Results and Discussion effects of acid on the stability of four arsenic species
Acidification of samples is a common practice in sample treatment and handling for trace element analysis. The primary purpose of acidification of samples in the determination of trace element content has been to stabilize the concentration of the total amounts of trace elements of interest, regardless of the specific chemical form of the element. The effect of acidification on chemical species has not been investigated systematically. To address this issue, we carried out a series of studies to examine how acidification affects the concentration of arsenic species. Fig. 1 shows chromatograms obtained from an untreated urine sample (Fig. 1A) and an acidified urine Clinical Chemistry 45, No. 11, 1999 sample (Fig. 1B) after 2 months storage in a refrigerator (4°C). The urine sample was from a volunteer who refrained from eating any seafood for 4 days before collection of the first morning void. It was supplemented with 50 g/L arsenite, arsenate, MMA, and DMA species. The concentrations of the four arsenic species in the untreated urine sample were essentially unchanged for 2 months (Fig. 1A) , with recoveries ranging from 87% to 108%. The concentrations of the same arsenic species in the parallel samples containing 0.1 mol/L HCl, however, were not stable at the same storage temperature and duration (Fig. 1B) . Inorganic arsenate was partially reduced to arsenite, the recovery of arsenate was reduced to 22%, and the recovery of arsenite was increased to 260%. The recoveries for MMA and DMA were 50% and 63%, respectively. The overall recovery of total arsenic was 99%. Fig. 2 shows recoveries for the four arsenic species in acidified samples ( Fig. 2A) and untreated samples (Fig.  2B ) stored for 2 months at three temperature conditions: Ϫ20°C (frozen), 4°C (refrigerated), and 25°C (room temperature). Urine samples from volunteer (UR) and standard (US) urines, both with 50 g/L of each of the four arsenic species added, are compared. In the acidified samples, although there were variations among various storage conditions, changes of arsenic speciation are apparent in all cases (Fig. 2A) . None of these storage temperatures provided the needed arsenic speciation stability when 0.1 mol/L HCl was present in the samples.
After a longer storage time, the effect of 0.1 mol/L HCl (final concentration) added for acidification was more severe. In several samples stored for 8 months at the three temperature conditions, DMA, MMA, and arsenate were completely lost. Only inorganic arsenite and an unknown arsenic species were observed. Fig. 3 shows an example of untreated (Fig. 3A) and acidified (Fig. 3B) sample, stored for 8 months at Ϫ20°C. In the acidified sample, the arsenite concentration increased to 94 g/L from 50 g/L initially added to the sample. No inorganic arsenate, MMA, or DMA was detected, although 50 g/L of each of these species was added to the samples 8 months earlier.
Instead, an unknown arsenic species was present at an arsenic concentration of ϳ30 g/L. The overall recovery of total arsenic was ϳ60%. The loss may be attributable to coprecipitation of arsenic with urine sample matrix. Coinjection of this sample with freshly prepared arsenic calibrators for HPLC analysis confirmed that the unknown arsenic species did not coelute with any of the other arsenic calibrators available to us, which include trimethylarsine oxide, AsB, arsenocholine, tetramethylarsonium, and three arsenosugars. Five replicate preparations of the acidified sample consistently showed the presence of this uncharacterized arsenic species after storage under identical conditions.
We concluded that the addition of HCl (final concentration, 0.1 mol/L) to urine samples for acidification produces substantial changes in the concentration of arsenic species and therefore is not a suitable sample treatment if species information is required. As(III) is thermodynamically favored in acidic solution (E 0 ϭ 0.56 V). Thus, the conversion of As(V) to As(III) in acidic media is understandable. The converse is true in alkaline pH (E 0 ϭ Ϫ0.71 V).
use of possible preservatives
Because acidification was unsuccessful for speciation preservation, several candidate preservatives, including sodium azide, benzoic acid, benzyltrimethylammonium chloride, and cetylpyridinium chloride, were tested. These have known antibacterial activities (45 ); for example, benzoic acid has been used as a common food preservative. A 15-cm column (Phenomenex ODS-3, 3 m particle size) was used for separation. The mobile phase contained 5 mmol/L tetrabutylammonium hydroxide, 4 mmol/L malonic acid, and 50 mL/L methanol (pH 5.8), and its flow rate was 1.5 mL/min. Peaks 1, 2, 3, and 4 correspond to As(III), DMA, MMA, and As(V), respectively. Fig. 4 shows the recovery of the four arsenic species in volunteer urine samples stored for 1 month at 4°C (Fig.  4A ) and Ϫ20°C (Fig. 4B ). Five additives were tested for their potential ability to preserve chemical speciation; however, no marked improvement in the recovery of the arsenic species was observed as a result of the addition of these agents.
To simplify sample procedures and to eliminate potential contamination related to the introduction of any additives, no preservative was used in subsequent studies.
no additives
Concentrations of all four arsenic species were relatively constant in both the volunteer urine (UR) and standard urine (US) matrices (Fig. 2B ) for up to 2 months of storage at either 4 or Ϫ20°C. Recovery for the four arsenic species ranged from 84% to 115%. The arsenic speciation was much less stable in samples stored at room temperature for the same duration of 2 months; the recovery of the four arsenic species ranged from 57% for DMA to 150% for As(III).
Storage for longer than 2 months produced differences in recovery from different urine sample matrices, as demonstrated in Fig. 5 . Recoveries of four arsenic species in two sample matrices, volunteer urine (Fig. 5A ) and standard urine (Fig. 5B) , stored at 4°C for up to 8 months were compared. Whereas the arsenic speciation in the volunteer urine sample was relatively stable for the entire 8 months, ϳ30% of As(III) was oxidized to As(V) in the standard urine after storage for longer than 4 months.
Recovery of arsenic species in samples stored at Ϫ20°C also varied with sample matrices. In some cases, recoveries for the four arsenic species were as low as 30% (Table  2A) after the volunteer urine was stored at Ϫ20°C for 4 months. The low recovery may be caused by adsorption of the arsenic species to the surface of the sample container and/or precipitation of arsenic. Precipitates were visible after the urine samples were frozen at Ϫ20°C and later thawed for HPLC analysis. However, the relative ratio among the four arsenic species did not change significantly, as shown in Table 2B . The concentrations of MMA and DMA were less variable than inorganic As(III) and As(V) throughout the entire storage period, a finding consistent with earlier studies (37, 38 ) .
The possibility of low recovery should be considered when HPLC-ICPMS or HPLC-HGAFS is used because samples are filtered before HPLC analysis. If the sample is not filtered, as in the case of selective hydride generation atomic absorption spectrometry or hydride generation followed by cold-trap gas chromatography-atomic absorption spectrometry, any arsenic species adsorbed to particulate matter will be analyzed.
Adjusting the pH of urine to 4.5 with dilute nitric acid before sample storage at 4°C did not show adverse effects on the stability of arsenic speciation. application to urinary arsenic speciation studies It can be concluded from the present research that the appropriate storage conditions for obtaining quantitative recovery are either 4°C (refrigeration) or Ϫ20°C (freezing), without the use of any additives. This sample storage protocol was applied to an epidemiological survey of urinary arsenic speciation resulting from arsenic exposure (40 ) . Fig. 6 shows four pairs of chromatograms obtained from untreated urine samples. The concentration of creatinine in these samples was 2.95, 2.08, 0.86, and 0.70 g/L, respectively. The left column represents analyses of urine samples 2 weeks after sample collection. The samples were stored at Ϫ20°C and reanalyzed 8 months later; the chromatograms for the samples stored for 8 months are shown in the right column. Arsenic speciation profiles are similar in most samples before (Fig. 6, 1A -4A) and after (Fig. 6, 1B-4B ) storage for 8 months at Ϫ20°C. There was some reduction of As(V) to As(III) in sample 4 after storage for 8 months; the concentrations of DMA and MMA are unchanged, confirming the findings shown in Fig. 5 . Table 3 summarizes the recovery of 50 g/L arsenic as AsB added to volunteer urine and standard urine samples. Both acidified and untreated urine samples were stored for up to 8 months at three temperature conditions: Ϫ20, 4, and 25°C. Partial transformation of AsB was observed only in several cases. Up to 3 g/L DMA and 1 g/L MMA were observed in separate samples stored for 8 months, which correspond to 6% and 2% conversion of AsB, respectively. Acceptable recoveries were obtained in most cases. These results are consistent with previous observations, indicating that AsB is very stable.
stability of AsB
In conclusion, low temperature (4 and Ϫ20°C) conditions are suitable for the storage of urine samples for up to 2 months without substantial changes of arsenic speciation. For longer storage times, the stability of arsenic species varies with sample matrix. Accurate measurement of inorganic As(III) and As(V) separately is more difficult because the concentrations of these arsenic species in urine samples are more variable over storage time. Untreated samples maintain their concentration of arsenic species, and additives have no particular benefit. Strong acidification of samples leads to changes of arsenic speciation and thus is not suitable for arsenic speciation analysis, although dilute acetic, hydrochloric, and nitric acids have traditionally been added to samples to minimize possible adsorption of trace elements to sample containers. Depending on field sampling logistics, storage and shipping of samples at either 4 or Ϫ20°C may be chosen. The concentration of AsB is essentially unchanged for up to 8 months storage.
